A systemic reappraisal of the thermic effect of food was done in lean and obese males randomly fed mixed meals containing 0, 8, 16, 24 , and 32 kcal/kg fat-free mass. Densitometric analysis was used to measure body composition. Preprandial and postprandial energy expenditures were measured by indirect calorimetry. The data show that the thermic effect of food was linearly correlated with caloric intake, and that the magnitude and duration of augmented postprandial thermogenesis increased linearly with caloric consumption. Postprandial energy expenditures over resting metabolic requirements were indistinguishable when comparing lean and obese men for a given caloric intake. Individuals, however, had distinct and consistent thermic responses to progressively greater caloric challenges. These unique thermic profiles to food ingestion were also independent of leanness or obesity. We conclude that the thermic effect of food increases linearly with caloric intake, and is independent of leanness and obesity.
Introduction
By current estimates, one in five citizens in the U. S. A. is overweight (1) . The association of obesity with a variety of disease states, especially cardiovascular diseases (2-4) and diabetes mellitus (1, 5) , has added impetus to efforts to understand the etiological factors ofthis condition. Although energy balance has been well studied, the development of conclusive explanations for the genesis and maintenance of obesity has remained elusive.
There are several physiologic states which are known to influence energy expenditure. The postprandial rise in caloric expenditure and its relationship to obesity have been the subject of intensive studies in the last decade. Numerous studies have shown that the thermic effect offood (TEF)' is blunted in obese subjects (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The authors of these reports claimed that because fewer nutrients were oxidized by obese humans, relatively more nutrients were stored by obese than lean people per caloric intake. They considered obese individuals to be metabolically more efficient than lean people during the postprandial period, thus promoting obesity. Others, however, found no defect of TEF in obese humans (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Table I summarizes these conflicting studies. Overall, the discrepancies between these two groups of studies cannot be explained by differences in the amounts or compositions of caloric challenges given, the duration of the studies, or the definitions of TEF. The lack of consensus among investigators has not been resolved.
A factor that has not been consistently considered in previous studies of TEF in obesity is the influence of the resting metabolic requirements (RMR) on TEF. A given quantity of nutrients may augment the increase in energy expenditure less in heavy persons because their RMR are greater. Therefore, comparing obese subjects with lean controls, using equal caloric challenges, may give the false impression that the TEF is less in the obese.
Because of this controversy in such an important domain of postprandial metabolism, we believed that a systematic reappraisal of TEF in lean and obese humans was needed. We fed normal lean and obese male volunteers a series of mixed meals, with the caloric content based upon multiples of their fat-free mass. This allowed us to account for differences in their RMR and gave us the opportunity to study thermogen Measurements of 02 consumption and CO2 production were obtained at -15 and 0 min before feeding, every 15 min during the 1st postprandial hour and every 30 min during the next 7 postprandial hours. Measurements of 02 consumption and CO2 production were made using a metabolic cart (Beckman Instruments, Inc., Anaheim, CA) (30) . The cart was calibrated with standardized gases and a 1,000-ml syringe. Subjects breathed through the mouthpiece with the noseclip in place for 4-5 min to clear the machine of room air. After this equilibration period, respiratory gases were analyzed continuously for 5-6 min with values of 02, C02, and ventilation recorded each minute. The specific values reported at each time period for 02 consumption and CO2 production, standardized for temperature, pres- sure, and moisture, represent the means of the five to six 1-min measurements. Urinary nitrogen excretion rates were determined preprandially and 2, 4, 6, and 8 h after nutrient intake, and were used to calculate protein (PRO) oxidation rates (36). Nonprotein 02 consumption, CO2 production, and the nonprotein respiratory quotient were calculated from the formulae described previously (36). Nonprotein calories per liter of 02 and amounts of carbohydrate (CHO) and lipid (FAT) oxidized were derived from the tables of Lusk (36). Oxidation of CHO, FAT, and PRO for the study period was summed by computing the area under separate oxidation curves for 8 h.
Blood samples for measuring plasma glucose (analyzed with a glucose analyzer; Beckman Instruments, Inc.) and plasma urea nitrogen (37) were obtained at -15 and 0 min before, and at 1/2, 1, 2, 3,4, 6, and 8 h after the test meals. Plasma concentrations of a-amino nitrogen (38) and total lipids (39) were measured at 0,4, and 8 h. Plasma glucose was measured to determine the presence or absence of diabetes mellitus. Plasma urea nitrogen, a-amino nitrogen, and total lipids were measured to detect changes in body pools of nitrogen and lipids (40 Simple regression analysis was used to assess the relationship between TEF and caloric intake, and TEF and WT, BMI, fat-free mass, and fat mass. The possibility ofa relationship between TEF, RMR, and resting nonprotein respiratory quotient was also examined. The effect of studying subjects on sequential days was examined by using the numerical study day as a variable in the regression analysis. Stepwise and multiple regression analyses were used to determine which combinations of variables best predicted TEF in the men. The effect of obesity on TEF was determined by using an indicator variable in the regression analyses; that is, a 1 for a BMI < 25 and a 0 for BMI over 30 (41) . Interaction terms were used to assess possible synergistic effects of intake and body compositional variables on TEF.
Intersubject variability of TEF was tested by comparing the thermic response of each individual over the four caloric challenges to the group as a whole. This comparison was made by assigning an indicator variable to each subject and using these in a multiple regression model with intake against TEF. The partial F test was used to compare this multiple regression model with the regression of TEF against intake alone (41) . The inclusion of subject effects in the multiple regression analyses insured that the errors were independent, as is required for hypothesis testing.
The time course of TEF was assessed using measures of the duration of augmented postprandial energy expenditure and the time from feeding to peak caloric expenditure. (Table II) . The RMR during the 8¼/4-h control day when the subjects drank 500 ml ofwater were very reproducible, and the random variance was < 4% of the mean, which was similar to previous results in this (30) and other laboratories ( 16 Thermic effect offood. Fig. 1 shows that TEF was positively correlated with caloric intake (P < 0.001). The relationships between TEF and caloric intake were not statistically different for lean and obese men. Therefore, a single regression line was developed. TEF can be predicted by the following equation: TEF = -1.16 + 0.082 kcal intake (r2 = 0.82). Although TEF expressed as a percent of intake (TEF/intake) was variable in both groups, the average values for different diets, and for lean and obese subjects, were not statistically different. Irrespective of nutrient intake, the mean TEF was -8% of the ingested calories (Table III) .
TEF was not correlated with WT, fat-free mass, or fat mass. The mean TEF values plotted against the mean caloric intakes at the 8-, 16-, 24-, and 32-kcal/kg fat-free mass diets for lean and obese subjects are shown in Fig. 2 . The linear relationship for lean and obese men shows that TEF was not influenced by obesity. On the other hand, each of the 10 men had individually consistent thermic responses to the Ensure Plus meals. across the range of caloric challenges. Several subjects had responses that were shifted above or below the group average, and the overall variation was statistically significant (F = 4.18, P < 0.01). Thus, the subjects had individually distinct thermic responses to a given caloric challenge. This intersubject variation was independent of leanness or obesity. Fig. 4 shows a three-dimensional response surface generated from resistant regression lines relating caloric intake to energy expenditure at each postprandial time. The magnitude and duration of the augmented thermogenesis over preprandial RMR increased linearly with the caloric intake. With the largest caloric challenges the RMR was increased by 30%. The duration of TEF was highly correlated with caloric intake regardless of the model used for calculating time of postprandial thermogenesis. Subjects with higher preprandial energy expenditures had a shorter duration of TEF for a given caloric intake. The time from meal ingestion to peak thermogenesis was also significantly related to intake (r = 0.41; P < 0.025) with a secondary negative relationship to RMR (P < 0.01).
Postprandial metabolism. No subject had plasma glucose values diagnostic of diabetes mellitus (43). The preprandial plasma urea nitrogen concentrations were indistinguishable between lean and obese males, and in both groups, the 8-h postprandial plasma urea nitrogen concentrations were indistinguishable from the preprandial values. Total plasma lipid concentrations were greater than preprandial values only in the obese males after the largest caloric challenge.
Discussion
This study is a systematic reappraisal of the thermic effect of food after multiple caloric challenges of mixed meals in lean and obese humans. Only males were studied to eliminate the known influence of gender on postprandial metabolism (44) .
Our volunteers were fed a range of caloric challenges simulating intakes from a small meal to the equivalent of a full day's consumption. The results showed that TEF was dictated pri-0-marily by caloric intake, and this relationship was constant 4W   M   800  1200  Mso  2000  24>o  2800 across all the dietary intakes studied (Fig. 1) . Throughout this INTAKE (kcI) range of caloric challenges TEF increased with greater caloric Figure 2 . Average caloric intakes given to lean (o) and obese (o) men intakes in a linear fashion. There was no evidence that therfor the 8, 16, 24, and 32 kcal/kg fat-free mass mixed meal challenges mogenesis became either accentuated or blunted by high caand corresponding TEF. loric intake (Fig. 2) .
Thermic Effect ofFood 1785 One of the novel findings of this study was the consistent and distinct TEF of individuals. By feeding the subjects a variety of dietary challenges the specific response of a person to mixed meals was demonstrated (Fig. 3) Figure 4 . Three-dimensional response surface, generated from resistant regression lines, relating caloric intake to the thermic effects of food during the 8-h study period.
this report suggests that humans have unique metabolic responses to food which are also independent of leanness and obesity. This metabolic individuality is functionally equivalent to a "metabolic fingerprint." This individualistic thermic profile to food plays an important role in energy balance. The lack of consensus pertaining to TEF in obesity (6-32) may have resulted from selecting more or fewer individuals with high postprandial thermogenesis in either the lean or obese group. There was no statistically significant correlation between TEF and body size in our study. Unlike RMR, which is correlated to the active protoplasmic tissue mass (30, 33) , TEF was independent of WT, fat-free mass, fat mass, and BMI. We gave our subjects caloric challenges based on fat-free mass because it was previously suggested that caloric intake above resting needs determines TEF (31) . We cannot support this contention because our data show that caloric intake per se determines TEF. Table IV shows data from three lean and three obese men who were incidentally fed similar amounts of Ensure Plus (coefficient of variation for caloric intake was 4.8%). Fig. 5 shows their energy response curves to these comparable caloric challenges. The TEF among these three lean and three obese males were virtually identical (coefficient ofvariation for TEF was 4.4%). Equal augmentation of postprandial energy expenditure occurred in spite of the obviously greater RMR and total energy expenditures in the three obese men. This clearly illustrates that TEF is independent ofleanness and obesity. The time course of TEF was also primarily a function of caloric intake. We confirmed the previous observation that the duration of TEF is lengthened as caloric intake increases (45, 46) . This general observation can be further characterized by using the results from selected individuals fed similar caloric intakes. From the 10 men studied 6 could be identified who received four different meals containing 490-563, 981-1,127, 1,374-1,552, and 1,962-2,255 kcal. Using a resistant regression model their TEF are displayed in Fig. 6 . The magnitude of the TEF was greater and the duration of the TEF was lengthened as the caloric intake increased.
The duration of postprandial energy expenditure measurement is a major factor which accounts for some of the claimed deficiency of TEF in obesity. Many of the previous studies measuring TEF in lean and obese individuals were too short to make an adequate assessment of postprandial thermogenesis (8, 11, 13, 16, 19-20, 26, 29, 30 their relationships between TEF and caloric intake. However, in both of these reports the TEF with the higher diets was underestimated because the studies were concluded long before postprandial energy expenditure returned to baseline. The TEF in our study did not plateau with larger caloric intakes because we studied our subjects for 8 h and did nQt significantly underestimate TEF.
Different degrees of glucose intolerance within groups of obese subjects may account for some of the disagreement regarding obesity and TEF. Felber et al. (21) showed variation in TEF that was related to the degree of glucose intolerance in healthy and diabetic men and women. Our lean and obese men had physiologic blood glucose concentrations in response to the varying caloric challenges. Therefore, the influence of glucose intolerance was eliminated in our study. In addition, our 8-h study period was sufficiently long enough for plasma total lipids, a-amino nitrogen, and urea nitrogen to return to preprandial values. Therefore, changes in the pool sizes of these substrates and/or metabolites had no significant impact on calculated postprandial energy expenditure.
Exceptional physical characteristics in lean controls may also be a source of disagreement in previous TEF studies. For example, Segal et al. (19) studied a group oflean men matched with obese subjects for height and weight. Their lean controls, however, were athletes in training with very large muscle masses and higher RMR and TEF than their obese subjects. Hill et al. (46) showed that aerobically trained men have greater TEF than men with lower maximal oxygen consumptions. The inclusion of individuals with exceptional thermogenic capacities as controls creates an apparent attenuation in the TEF of their obese cohorts. This bias is especially important with the small number of subjects that have been compared in past studies of TEF.
It was shown by others that TEF is similar whether nutrients are administered orally, intravenously, or via nasogastric tube (32, 48, 49) . This demonstrated that the caloric requirements of mastication, swallowing, and intestinal absorption are minimal. Therefore, it is likely that the ATP and other nucleotide requirements for the storage ofglucose as glycogen, free fatty acids as triglycerides, and the incorporation ofamino acids into proteins, account for the bulk of dietary induced caloric expenditure (50) .
